INTRODUCTION
============

Neomorphic mutations in the genes encoding isocitrate dehydrogenase 1 and 2 (*IDH1/2*) have been identified in multiple cancer types, including lower grade glioma (LGG) ([@R1]), secondary glioblastoma ([@R2]), intrahepatic cholangiocarcinoma (ICC) ([@R3], [@R4]), acute myeloid leukemia (AML) ([@R5]), chondrosarcoma (CS) ([@R6]), and others. The mutant IDH enzyme (IDHmut) converts the Krebs cycle intermediate α-ketoglutarate (αKG) into 2-hydroxyglutarate (2-HG), which functions as an oncometabolite. 2-HG can induce global DNA hypermethylation, inhibition of histone lysine demethylases, and block of cell differentiation ([@R7]--[@R10]). One strategy to treat IDHmut tumors is to inhibit the mutant IDH protein and 2-HG production. This is being tested in IDH-mutated cancers. Recently, inhibitors of IDH2 (enasidenib) and IDH1 (ivosidenib) have been shown to induce differentiation of cancer cells in patients with recurrent or refractory AML ([@R11], [@R12]). However, this approach has been much less effective for solid tumors in both clinical and experimental contexts. Paradoxically, exogenous 2-HG can cause toxicity and slow down cell proliferation by inhibiting mammalian target of rapamycin signaling and mRNA m6A modification ([@R13], [@R14]). Furthermore, 2-HG directly inhibits homologous recombination (HR), thus weakening DNA damage repair (DDR) and potentially improving the outcome from DNA damaging agents in patients receiving standard-of-care cytotoxic therapies ([@R15], [@R16]). *IDH* mutations are associated with better outcomes from radiation therapy (RT) and chemotherapy in patients with glioma. It has been hypothesized that therapeutic modalities that inhibit 2-HG production in gliomas may abolish such protection and promote unfavorable evolution of the disease. Our previous work demonstrated that IDHmut causes genetic instability linked to accelerated copy number alterations throughout the genome ([@R10]). Biochemical studies showed that 2-HG inhibits HR-dependent repair and confers poly(adenosine 5′-diphosphate) ribose polymerase inhibitor (PARPi) sensitivity ([@R16]--[@R19]). However, the therapeutic potential for this phenomenon remains ill-defined. Moreover, it remains to be seen whether this approach is sufficient by itself or needs to be combined with other therapeutic modalities.

PARP1 (and other PARPs) play critical roles in the repair of DNA single-strand breaks (SSBs) through base excision repair, nucleotide excision repair, and other DNA damage response pathways ([@R20]). PARP inhibition leads to persistence of unrepaired SSBs and cytotoxic PARP-DNA complexes, which, when encountered at the replication fork, leads to the formation of potentially lethal DNA double-strand breaks (DSBs) ([@R21]). Cells with deficient HR, the main compensatory mechanism to manage the increased DSB stress imposed by PARPi, are unable to efficiently repair these DSB and enter mitotic catastrophe and apoptosis ([@R22]). We hypothesized that the HR deficiency induced by 2-HG across different solid tumors would fit this model of synthetic lethality, leading to marked sensitivity to PARPi in IDHmut tumors. Moreover, ionizing radiation (IR), alone or in combination with surgical resection, is routinely used in the clinic as a part of standard of care in treating cancers including LGG and ICC. By rapidly introducing high numbers of exogenous DNA SSB and DSB, IR exacerbates the effects of deficiency of DDR in HR-deficient tumors. Early trials combining IR with PARPi have shown promise in the BRCA-mutant context ([@R23]). However, PARPis as radiosensitizers for other types of HR-deficient tumors have not been thoroughly tested in preclinical or clinical settings. In this study, we showed that IDHmut tumor samples from patients with LGG and ICC harbor markedly elevated levels of DNA damage. We demonstrate in multiple in vitro contexts that expression of mutant IDH1 sensitizes the cell to radiation and PARPi. Last, we used two orthotopic LGG and one heterotopic ICC xenograft animal model to show that PARPi sensitizes the tumors to IR and that this sensitization is specifically associated with *IDH* mutation status. Overall, our study demonstrates that IR markedly augments the therapeutic effects of PARPi and provides evidence supporting the combinatorial use of PARPi with IR to treat IDH-mutant tumors.

RESULTS
=======

Therapeutic vulnerability conferred by mutant IDH1 to PARPi and IR in vitro
---------------------------------------------------------------------------

Previous studies have suggested that repair of DNA damage by HR is impaired by mutant IDH1 expression in a human colon cancer cell line through the oncometabolite 2-HG ([@R16]). To ascertain whether this effect is generalizable, we first used an immortalized human astrocyte (IHA) isogenic cell line system, which includes one line that expresses mutant IDH1 R132H (IHA-IDH1mut), and a matching isogenic control, which does not express mutant IDH1 (IHA-EV) ([@R10]). Expression of mutant IDH1 induces changes in the DNA methylation and histone landscape, which recapitulates those in IDH1-mutant tumors and blocks differentiation ([@R7], [@R10]). We first subjected IHA-EV and IHA-IDH1mut to staining of γ-H2AX histones. As shown, IHA-EV demonstrates low levels of γ-H2AX--positive foci, whereas IHA-IDH1mut exhibits elevated levels of γ-H2AX staining ([Fig. 1A](#F1){ref-type="fig"} and fig. S1A). These cells were fixed at the exponentially proliferative stage without being exposed to exogenous DNA damaging agents. The DSBs marked by γ-H2AX positivity in IDH1mut cells indicates a higher level of unrepaired DNA damage. To further support this finding, we performed Western blots to examine the level of phospho--KRAB-associated protein 1 (KAP1), an enzyme downstream of ATM (ataxia telangiectasia mutated). IHA-IDH1mut displayed notably higher levels of KAP1 phosphorylation compared to IHA-EV, suggesting increased engagement of the replication stress pathway ([Fig. 1, B and C](#F1){ref-type="fig"}). However, consistent with previous reports ([@R10], [@R14], [@R16]), these unrepaired DNA damage sites did not induce significant change in cell death, likely due to concurrent inactivation of p53 as a part of immortalization. IDH-dependent defects in DDR may function as a driving force to produce additional mutations in the founder population during malignant progression. Next, we hypothesized that this rescue by p53 inactivation can be overcome by excessive DNA damage that accumulates in IDH1mut cells beyond a critical threshold. As observed in BRCA-mutant malignancies, the defective DSB repair in HR-defective tumors is often compensated for by other DDR pathways such as nonhomologous end joining, which, in turn, may themselves contribute to disease progression by inaccurate repair. We reasoned that the IDH1mut-induced DDR deficiency can be targeted by PARP inhibition similar to the scenario in BRCA-mutant breast and ovarian cancer and that this synthetic lethality could be augmented by inflicting further DNA damage through radiotherapy.

![Mutant IDH1 induces DNA damage response and radiosensitizes IHA to PARP inhibition.\
(**A**) Quantification of γ-H2AX positivity based on the number of foci. Fifty nuclei were quantified under each condition. (**B**) Western blots of phospho-KAP1 (p-KAP1) and the loading control (β-actin). Samples were loaded in duplicates. (**C**) Relative intensity of each condition in (B) was quantified and plotted. (**D**) Immunostaining of γ-H2AX in vehicle (veh)--, olaparib (ola)--, IR-, or IR + olaparib--treated IHA cells expressing either EV or IDH1mut. DAPI, 4′,6-diamidino-2-phenylindole. Scale bar,10 μm. (**E**) Quantification of (D), performed by measuring the percentage of nuclei with more than 10 foci (left) (the numbers at bottom of bar graphs are correspondent to numbers in the panel) or average foci number of 50 nuclei (right). (**F**) Neutral Comet assays determining DNA breaks in IHA-EV and IHA-IDH1mut. Scale bars, 200 μm. (**G**) The length of comet tails was measured and represented on the plot. (**H**) Apoptotic activities of IHA after radiation and/or olaparib treatment were measured for annexin V and propidium iodide (PI) positivity. (**I**) The PI^+^ and annexin V^+^ double positive populations were plotted on the bar graph. (**J**) IHA, expressing EV or IDH1mut, was subjected to soft agar colony formation assay, treated with four conditions: vehicle, veliparib (20 μM), IR \[1 to 4 grays (Gy)\], or IR + veliparib in combination. Plot showed radiosensitization by veliparib in IDH1mut IHA versus EV. Where applicable, error bars represent the SEM. *P* values were determined by Student's *t* test and represented using \*\**P* \< 0.01, \*\*\**P* \< 0.001, and \*\*\*\**P* \< 0.0001. n.s., not significant.](aaz3221-F1){#F1}

To test our hypothesis, we assessed whether a combination of PARPi (olaparib), with or without IR, induces significant increases in levels of DNA damage. Elevated γ-H2AX positivity was observed in IHA-IDH1mut compared to IHA-EV at baseline ([Fig. 1, D and E](#F1){ref-type="fig"}). The differential DDR abilities in IHA-EV and IHA-IDH1mut were more marked when treated with olaparib, radiation, or the combination of both, leading to differences in the amount of unrepaired DSB ([Fig. 1, D and E](#F1){ref-type="fig"}). IDH mutation was associated with a markedly reduced ability to repair DNA damage from IR and PARPi, as measured by the neutral Comet assay ([Fig. 1, F and G](#F1){ref-type="fig"}). The combination of IR and PARPi displayed a cooperative effect. Moreover, the deficiency in DDR found in IHA-IDH1mut cells leads to a greater extent of cell death when treated with the combination as shown by annexin V flow cytometry ([Fig. 1, H and I](#F1){ref-type="fig"}).

Mechanistic studies show that PARPis can be classified on the basis of their ability to trap PARP proteins to DNA, thus preventing the recycling of PARP ([@R24]). Olaparib has potent PARP trapping activity and consequential cytotoxicity ([@R21]). However, treatment with strong PARP-trapping agents, such as olaparib and talazoparib, tends to confer resistance through genetic mutation ([@R25], [@R26]). Veliparib has demonstrated weaker trapping activity but strong inhibition of PARylation, effecting an alternative type of mechanistic target manipulation ([@R27]). In addition, veliparib shows superior penetration through the blood-brain barrier (BBB) ([@R28])---a key feature that is important for brain tumor therapeutics. Therefore, we also tested the efficacy of veliparib. Similar to olaparib, IR + veliparib generated a significantly higher level of γ-H2AX foci in IHA-EV treated with 2-HG than IHA-EV without 2-HG receiving the same IR + veliparib treatment (fig. S1, B and C). We next compared the clonogenic ability of IHA in response to increasing doses of radiation \[0, 1, 2, and 4 gray (Gy)\] with or without 20 μM veliparib. Under all IR conditions, IHA-EV yielded modest reduction of colonies when simultaneously treated with veliparib, while this reduction was markedly enhanced in IHA-IDH1mut ([Fig. 1J](#F1){ref-type="fig"} and fig. S1D). Similar to our results with veliparib, IHA-IDH1mut showed enhanced sensitivity toward IR when treated with olaparib (fig. S2A). Moreover, we tested the clonogenic ability of two glioma stem cell (GSC) lines, TS543 \[IDH wild-type (IDHwt)\] and TS603 (IDH1mut), which provide a more clinically relevant model. TS603 GSC also showed notably amplified synthetic lethality when treated with IR and olaparib (fig. S2B). These results indicate that IR + PARPi preferentially inhibits the clonogenic growth of IDH-mutant cells.

Cooperativity between radiation and PARPi in IDH-mutant ICC in vitro
--------------------------------------------------------------------

We tested whether the synthetic lethality conferred by PARPi in the setting of mutant IDH is observed in other tumor types that commonly harbor *IDH* mutations. ICC is a highly lethal malignancy with a 5-year overall survival (OS) rate of less than 20% ([@R29]). The current standard of care for most patients with unresectable disease at presentation is still limited to standard chemotherapy and radiation with median overall survival of only 7 to 12 months and no currently available targeted therapy ([@R30]--[@R32]). Genomic studies have observed that a substantial portion of ICCs harbor mutations in *IDH* genes ([@R3], [@R33]). We tested whether expression of mutant IDH1 sensitizes ICC cancer cells to PARPis. First, we expressed IDH1-R132H in a human cholangiocarcinoma cell line (HUCCT1) that is wild type for *IDH*. The expression of mutant IDH1 was confirmed by Western blot ([Fig. 2A](#F2){ref-type="fig"}). Similar to what we observed in the IHA isogenic cell lines, IDH1mut expression significantly increased γ-H2AX positivity. This increase was amplified by olaparib, IR, and the combination treatment ([Fig. 2, B and C](#F2){ref-type="fig"}). The unrepaired DSBs, in turn, led to increased fragmentation of genomic DNA shown by Comet assays ([Fig. 2, D and E](#F2){ref-type="fig"}). Clonogenic capacity of HUCCT1 cells was severely decreased by IDH1mut expression, demonstrated by a 100-fold difference in clonogenicity when IDH1mut HUCCT1 cells were exposed to 6-Gy radiation and 4 μM olaparib ([Fig. 2, F and G](#F2){ref-type="fig"}). In addition, using patient-derived ICC cell lines of IDHwt (HUCCT1) and IDH1-R132C (SNU-1079), we showed different levels of γ-H2AX staining ([Fig. 2H](#F2){ref-type="fig"}) and clonogenicity ([Fig. 2, I and J](#F2){ref-type="fig"}) in response to IR and olaparib, consistent with the other in vitro models tested above. Together, we showed in two different cancers, using both engineered isogenic cells and native IDH-mutant tumor cell lines, that mutant IDH1 expression leads to hypersensitivity to PARPi, and this hypersensitivity is markedly amplified by radiation.

![IDH1-mutant cholangiocarcinoma and sensitivity to PARP inhibition.\
(**A**) Confirmation of IDH1mut expression in HUCCT1 cholangiocarcinoma cell line. Lysates from HUCCT1-EV or HUCCT1-IDH1mut were subjected to Western blots determining expression of IDH1 R132H. Loading control is performed with anti-vinculin. (**B**) Immunostaining of γ-H2AX in HUCCT1-EV and HUCCT1-IDH1mut after IR (4 Gy) or olaparib (4 μM), or both, showing synergy specifically in HUCCT1-IDH1mut. Scale bar, 10 μm. (**C**) The average number of γ-H2AX foci in (B) were quantified and shown as means ± SEM. (**D**) Neutral Comet assays showed different levels of DNA damage between the indicated treatments. Scale bars, 200 μm. (**E**) The Comet tail moment lengths were individually quantified and compared. (**F**) Representative results of colony formation assay with HUCCT1-EV or HUCCT1-IDH1mut treated with increasing doses of IR (2, 4, and 6 Gy), with or without olaparib (4 μM). (**G**) The colonies of all conditions were quantified and represented on a survival plot showing synergestic effect of olaparib and IR specifically in HUCCT1-IDH1mut cells. Photo credit: Yuxiang Wang, Memorial Sloan Kettering Cancer Center (MSKCC). (**H**) Immunostaining of γ-H2AX in IDHwt (HUCCT1) and IDH1mut (SNU-1079) cell lines, treated with IR (4 Gy) + olaparib (4 μM). wt, wild-type. (**I**) Results from clonogenic assays with IDHwt (HUCCT1) and IDH1mut (SNU-1079) cholangiocarcinoma cell lines. Panel shows representative results when cells were treated with IR (4 Gy) + olaparib 4 μM. Photo credit: Yuxiang Wang, MSKCC. (**J**) The colonies in IR (4 Gy) + olaparib (4 μM) were quantified and divided by the IR-alone control. *P* values were determined by Student's *t* test and represented using \*\**P* \< 0.01, \*\*\**P* \< 0.001, and \*\*\*\**P* \< 0.0001.](aaz3221-F2){#F2}

Elevated levels of DNA damage in IDH-mutant LGG and ICC patient specimens
-------------------------------------------------------------------------

Having confirmed that expression of mutant IDH1 is associated with increased levels of DNA damage in vitro, we sought to ascertain whether this is true in patient tumors. We took primary LGG and ICC specimens from patients who underwent surgical resection at Memorial Sloan Kettering Cancer Center (MSKCC) without any previous treatment. With assistance from expert clinical pathologists at MSKCC, we determined the *IDH* mutation status of the tumors and ensured that the IDH-mutant and wild-type tumors were matched for similar disease stage, grade, and pathologic features. We then subjected the paired tissue samples to γ-H2AX staining, a marker for DNA damage. IDH1mut World Health Organization (WHO) grade III glioma sections showed elevated γ-H2AX signals compared to their IDHwt controls, regardless of their histopathologic classification as oligodendroglioma or astrocytoma ([Fig. 3, A and B](#F3){ref-type="fig"}). Similarly, ICC tumor pairs collected at similar disease stage (T1, no lymph node or distant metastases, no neoadjuvant therapy, and no intrahepatic therapy before resection) demonstrated that *IDH* mutations lead to significantly augmented γ-H2AX staining ([Fig. 3, C and D](#F3){ref-type="fig"}).

![Human IDH-mutant glioma and cholangiocarcinoma tumors display elevated DDR levels.\
(**A**) Frozen glioma specimens were collected during routine surgeries at MSKCC (see also the "Human pathology" section under Materials and Methods). Four grade III oligodendroglioma (top) and six grade III astrocytoma (bottom) samples were stained for γ-H2AX positivity, and representative images are shown in the panels. (**B**) H-scores of five 20× fields of each sample were calculated and reported on the bar graphs as means ± SEM. Top: Comparison of H-scores of the oligodendroglioma sample pair. Bottom: Comparison of H-scores of the astrocytoma sample pair. \*\*\*\**P* \< 0.0001, determined by Student's *t* test. (**C**) Sections from six cholangiocarcinoma specimens (three IDHwt and three IDHmut) were stained for γ-H2AX positivity, and representative images are shown in the panels. (**D**) Top: For top panels of (C), H-scores of five 20× fields of each sample were calculated and represented on the bar graphs as means ± SEM. Bottom: Comparison of H-scores of the bottom panels in (C). \*\*\*\**P* \< 0.0001, determined by Student's *t* test.](aaz3221-F3){#F3}

Effectiveness of radiation and PARPi for treatment in mouse models of IDH-mutant glioma
---------------------------------------------------------------------------------------

Next, we used several animal models to experimentally test our therapeutic approach for IDH-mutant tumors in vivo. First, we intracranially implanted glioma tumorsphere lines (TS543 and TS603) and monitored the tumor growth with bioluminescent imaging (BLI). Mice with tumors were randomized into four-armed trials: control, veliparib (25 mg/kg; 5 days per week until moribund), fractionated RT (2 Gy × 5 fractions, days 1 to 5) or the combination of RT and veliparib ([Fig. 4A](#F4){ref-type="fig"}). Veliparib was used here because of its ability to cross the BBB. Intracranial tumor growth was followed using weekly BLI, and mice were also monitored for OS. Mice with TS543 (IDHwt) tumors showed similar OS in veliparib and control groups (median OS, 11 days versus 10 days) ([Fig. 4B](#F4){ref-type="fig"}), and while RT successfully prolonged OS (median, 19 days) compared to control, the addition of veliparib did not prolong OS (median, 17 days) ([Fig. 4B](#F4){ref-type="fig"}). However, the IDH1mut tumors (TS603) showed significant improvement of OS in veliparib treated group (11 days) compared to control (8.5 days), as well as in RT + veliparib (21 days) versus RT alone (14 days) ([Fig. 4C](#F4){ref-type="fig"}). At day 7 (2 days after the last RT dose), 11 of 16 mice bearing TS603 implantation that received RT and veliparib treatment had reduction in BLI signal, among which 4 of 16 mice showed marked reduction of \>90% ([Fig. 4, D to F](#F4){ref-type="fig"}), whereas only 3 of 13 mice receiving RT alone showed reduction and no mice showed \>90% reduction ([Fig. 4, D to F](#F4){ref-type="fig"}). In addition, 3 of 13 mice in the RT arm showed BLI signal increase of \>800%, while none in the RT + veliparib arm showed this level of tumor growth ([Fig. 4, E and F](#F4){ref-type="fig"}). These data suggest that combination therapy with veliparib and RT has greater efficacy against glioma than RT alone in the IDH1-mutant setting. Pathologic studies performed with tumor tissues collected at day 6 (18 hours after the last RT dose) supported the idea that synergy between RT and veliparib was specific to the IDH1-mutant context (figs. S3, A to D, and S4) as shown by quantification of mitotic index (fig. S3, A and B), apoptosis (cleaved caspase 3; fig. S3, C and D), and DNA damage (γ-H2AX; fig. S4).

![Treatment with PARPi and RT significantly improved survival of mice with IDH-mutant neurosphere-derived intracranial tumors.\
(**A**) Work flow of treatments. Mice received GSC implantation. All mice received weekly BLI scans, and the results were recorded. All mice with established tumors (over the defined threshold) were equally distributed to vehicle, veliparib (veli), RT, or RT + veliparib arms. TX, treatment; PATH, pathologic analysis. (**B**) Kaplan-Meier analysis of mice bearing TS543 GSC (IDHwt) cells, starting from the day they entered trials. *P* values were determined by log-rank (Mantel-Cox) test. (**C**) Kaplan-Meier analysis of mice bearing TS603 GSC (IDH1mut), starting from the day they entered trials. (**D**) Representative BLI scans of paired mice receiving RT or RT + veliparib. Top: BLI scans at day 0. Bottom: Scans at day 7. (**E**) Responses based on BLI reads for RT + veliparib--treated (left) (*n* = 16) and RT-treated (right) (*n* = 13) mice. Dashed line indicates a 90% reduction in tumor BLI signal. (**F**) Pie graphs showing the percentage of any reduction (top), \>90% reduction (middle), or increase of \>800% (bottom) in BLI. Statistics were performed with chi-square test, and the *P* values are presented. D, day.](aaz3221-F4){#F4}

To rule out the possibility that the observed sensitivity could be due to different genetic backgrounds (i.e., TS543 and TS603), we performed similar trials in a genetically engineered mouse model of glioma with RCAS-TVA (replication competent avian sarcoma-leukosis virus long terminal repeat with a splice acceptor)--mediated gene transfer of mutant IDH in an isogenic setting ([@R34], [@R35]). This is a previously established model where mutant IDH is expressed in endogenously generated gliomas. In these animal models, tumors that express the wild-type or mutant IDH1 were generated through intracranial injection of DF1 cells that carry the corresponding expression cassette ([Fig. 5A](#F5){ref-type="fig"}). The brain tumors were allowed to grow for 5 weeks before magnetic resonance imaging (MRI) scans ([Fig. 5A](#F5){ref-type="fig"}). After the initial MRI scan, the mice were randomized to one of four treatment arms testing tumor sensitivity to veliparib and radiation with MRI scans every week for follow-up ([Fig. 5A](#F5){ref-type="fig"}). The data showed that IDHwt gliomas are sensitive to radiation but relatively insensitive to PARPi, either as monotherapy or in combination with RT ([Fig. 5B](#F5){ref-type="fig"}). On the contrary, IDH1mut gliomas are somewhat sensitive to both RT or veliparib as monotherapy (median OS, 22 days versus 22 days versus 14 days for vehicle control) and the combination of RT and veliparib substantially extended OS (median, 66 days, \>4-fold longer OS than vehicle control and 3-fold longer than RT or veliparib alone) ([Fig. 5C](#F5){ref-type="fig"}). Representative MRI images of IDH1mut gliomas show similar initial sizes ([Fig. 5D](#F5){ref-type="fig"}, circled areas) and demonstrate that veliparib limited the tumor growth compared to vehicle-treated tumors ([Fig. 5D](#F5){ref-type="fig"}). Combination treatment with RT and veliparib was able to achieve marked tumor regression over time with some tumors undergoing reduction in tumor size so that they became undetectable at 3 weeks from the start of treatment ([Fig. 5D](#F5){ref-type="fig"}).

![PARPi + RT significantly improves survival of RCAS-TVA mice bearing mutant IDH1 gliomas.\
(**A**) Mice receiving intracranial injection of RCAS virus-producing cells carrying platelet-derived growth factor A (PDGFA), shTP53, and either IDHwt or IDHmut expression cassettes were maintained for 5 weeks before their initial MRI scans. After MRI, mice were equally distributed into four-arm treatment groups based on tumor volume. (**B**) Kaplan-Meier analysis of mice bearing IDHwt gliomas, starting from the day they entered trials. *P* values were determined by log-rank (Mantel-Cox) test. (**C**) Kaplan-Meier analysis of mice bearing IDH1mut gliomas. (**D**) Representative images of MRI scans from (C) at days 0, 7, and 21, showing overall effect of treatments. (**E**) Kaplan-Meier analysis of mice bearing IDH1mut gliomas, receiving BGB PARPi + RT treatments. (**F**) Representative images of MRI scans from (E) at days 0, 7, and 21, showing overall effect of treatments.](aaz3221-F5){#F5}

BGB-290 (Pamiparib) is a potent PARPi with good oral bioavailability and excellent BBB penetration ([@R36]). In contrast to veliparib, BGB-290 displayed potent PARP-trapping activity at nanomolar level ([@R36]). Thus, we also tested BGB-290 in our RCAS-IDH glioma model. BGB-290 prolonged the OS of mice with IDH1mut glioma, both as monotherapy (median OS, 28 days) or in combination with RT (median OS, 44 days), with 4 of 13 mice living more than 90 days ([Fig. 5E](#F5){ref-type="fig"}). MRI also showed decelerated tumor growth in the BGB-290--treated group and marked reduction of tumor volume in the RT + BGB-290 group ([Fig. 5F](#F5){ref-type="fig"}). Histopathologic studies showed reduced mitotic activity (fig. S5, A and B), as well as increased apoptotic activity (fig. S5, C and D) and accumulation of DSB (fig. S6) specifically in veliparib- and BGB-290--treated tumors. Again, these findings suggest cooperativity between PARPi and radiation in the setting of IDHmut tumors.

Targeting mutant IDH ICC in vivo
--------------------------------

Last, we tested our synthetic lethal approach in the context of IDH-mutant ICC in vivo using an animal model. As shown above ([Fig. 2, H to J](#F2){ref-type="fig"}), the IDH1-mutant SNU-1079 ICC line showed increased sensitivity to olaparib. Unfortunately, none of the mice (*n* = 40) that received subcutaneous injection of SNU-1079 cells developed detectable tumor after 3 months, making it impossible to test the effect of PARPi on this ICC cell line in vivo. However, HUCCT1 cells competently form subcutaneous tumors in athymic nude mice regardless of the mutational status of *IDH1*. Therefore, we subcutaneously implanted isogenic IDHwt and IDH1mut tumors in the hind flank region and treated mice with vehicle, olaparib, RT, or RT + olaparib ([Fig. 6A](#F6){ref-type="fig"}). The IDH1mut tumors grew slightly slower than the wild-type tumors (median survival, 31 days versus 21 days; [Fig. 6, B and D](#F6){ref-type="fig"}), consistent with previously reported 2-HG toxicity. Measurements of tumor volume over time showed that the IDH1wt tumors are insensitive to olaparib treatment. Moreover, although RT slowed down tumor growth, addition of olaparib failed to further delay tumor growth ([Fig. 6, B and C](#F6){ref-type="fig"}). However, the HUCCT1-IDH1mut tumors grew slower when treated with olaparib alone (median time to reach four times initial tumor volume, 41 days versus 31 days). Moreover, RT and olaparib treatment (median OS, 60 days) significantly delayed growth compared to RT alone (median OS, 47 days) ([Fig. 6, D and E](#F6){ref-type="fig"}). Histopathologic analyses with tumor tissues collected at day 6 showed, specifically in IDH1mut tumors, greater reduction in mitotic index ([Fig. 6, F and G](#F6){ref-type="fig"}), increase in apoptosis (fig. S7A), reduction in Ki-67 positivity (fig. S7B), and increase in DSB (fig. S7C). Together, these in vivo findings support, in ICC cells, that *IDH* mutations confer vulnerability to PARPi, which can be further exploited by introducing DNA damaging agents, such as radiation.

![PARPi + RT significantly improved survival of nude mice bearing IDH1-mutant cholangiocarcinoma xenografts.\
(**A**) Mice received subcutaneous injection of HUCCT1 cells expressing EV or IDH1mut. Three weeks after injection, the hind flank tumors were measured and equally distributed to four-arm treatment groups when tumors exceeded the defined threshold of 100 mm^3^. The tumor sizes were measured twice a week. (**B**) Tumor growth of HUCCT1-EV xenografts with the indicated treatments. *P* values were calculated using two-way ANOVA. (**C**) Kaplan-Meier analysis of HUCCT1-EV xenografts with the indicated treatments. *P* values were determined by log-rank (Mantel-Cox) test. (**D**) Tumor growth of HUCCT1-IDH1mut xenografts with the indicated treatments. (**E**) Kaplan-Meier analysis of HUCCT1-IDH1mut xenografts. (**F**) Mice were sacrificed at day 6, and tumor tissues were subjected to pathological analyses. Hematoxylin and eosin (H&E) staining was performed. (**G**) The mitotic cell numbers per 400× field were counted, and means ± SEM was shown on the bar graphs. For each condition, 10 400× fields were quantified. \**P* \< 0.05 and \*\**P* \< 0.01. *P* values were determined by Student's *t* test.](aaz3221-F6){#F6}

DISCUSSION
==========

Despite current standard-of-care multimodal treatment approaches for glioma, including surgery, radiation, and chemotherapy, the outcomes for these patients remain poor ([@R37]). The case for ICC is similar, and researchers have struggled to find effective targeted therapies with none standardly in clinical use for these diseases at the present time. The low patient survival is multifactorial but likely stems from the similar clinical challenges presented by LGG and ICC. Both diseases occur in critical organs, often cannot be completely resected, tend to recur locally, and commonly cause death through local progression. Furthermore, both diseases have complicated tumor microenvironments and heterogenicity predisposing to therapeutic resistance. Although directly targeting the mutant IDH enzyme with small-molecule inhibitors has been shown to have benefits in patients with AML, concerns exist regarding their application to solid tumors, such as systemic availability of the drug, ability to penetrate into tumor, and lack of efficacy. In vitro studies of IDH1 inhibitor AGI-5027 have failed to show increased sensitivity in IDH1mut versus IDH1wt ICC cells ([@R38]). Moreover, in solid tumors, mutation of *IDH* typically portends a better prognosis compared to tumors with wild-type *IDH*. This has been shown to be the case for both glioma ([@R2]) and ICC ([@R4]), which begs the question of whether targeting the IDH phenotype for reversal makes sense. We examine an approach to treating IDHmut tumors that takes advantage of their unique metabolic, genomic, and epigenetic state through exploitation of impaired HR associated with mutations in *IDH1*. While a randomized phase 1/2 study of temozolomide (TMZ) ± veliparib showed no benefit in recurrent TMZ-refractory glioblastoma, *IDH* mutation status was not considered in the enrollment criteria nor reported in the manuscript ([@R39]). To our knowledge, combined treatment with PARPi + RT has not been examined in the specific setting of IDH-mutant tumors at either the laboratory or clinical level.

We developed both in vitro and in vivo models that mimic IDH-mutant tumors found in the patients. Using these models, we were able to determine that *IDH* mutation confers sensitivity to DNA damaging agents and PARP inhibitors, and we established preclinical strategies to target these therapeutic vulnerabilities. Most LGG recurrences (up to 92%) occur within the RT field ([@R40]). Our results nominate PARPi-based systemic therapy as a way to increase control of IDHmut gliomas. We hypothesize that combination therapy with PARPi + RT, as evaluated in our study, could substantially lengthen OS and progression-free survival for patients with IDHmut LGG. In the setting of ICC, unresectable and recurrent intrahepatic disease poses an imminent threat to patient lives, given their proclivity to cause liver failure through biliary, portal vein, or hepatic vein obstruction. Nonoperative therapies produce median OS of only 7 to 12 months ([@R31], [@R41]). Conventional RT doses, even with concurrent chemotherapy, achieve only modest improvement in outcomes and few long-term survivors ([@R32]) with most patients experiencing local progression as site of first failure ([@R42]). Similar to LGGs, given the propensity of ICCs to cause death through local progression, the ability to further increase tumor cell killing within the RT field for unresectable and recurrent intrahepatic disease through combined PARPi + RT in the IDHmut setting can be explored.

Ongoing clinical trials have been set up to test this concept (e.g., NCT03212274, NCT03561870, NCT03749187, etc.), yet the strategies and designs of these trials still lack critical rationale or insights from preclinical studies. For example, in our animal studies, PARPi alone, whether it is veliparib, BGB-290, or olaparib, provided modest benefit for OS. Yet, the combination with radiation markedly amplified this benefit. Our data suggest that concurrent RT needs to be considered to yield maximal benefit of PARPi therapy for IDHmut tumors. While the mechanisms underlying this are still being worked out, Sulkowski *et al.* ([@R16]) show that 2-HG--dependent inhibition of KDM4A and KDM4B may contribute to the observed synthetic lethality. These two proteins are key αKG-dependent histone demethylases that are important for proper DNA damage response. Our study suggests that these biological phenomena may potentially be clinically actionable and should be tested.

MATERIALS AND METHODS
=====================

Study design
------------

The objective of this study was to determine the therapeutic efficacy of PARPis, as monoagent or in combination with IR, for IDH-mutant tumors. This was a controlled, laboratory-based, experimental study using cell line models in culture, tumor specimens, tumor cell xenograft, and genetically engineered mouse models. Isogenic cell lines and genetically engineered tumors were produced by introducing mutant IDH1, along with appropriate controls. IDHwt and IDHmut patient-derived glioma and cholangiocarcinoma cell lines were compared and provided additional, disease-related evidence. Randomization of animals varied depending on individual assays and is described separately below. Pharmaceutical agents against PARP and/or IR were applied. Sample sizes were determined independently for each experiment without formal power calculation. No data were excluded from analyses. Unless otherwise specified, experiments used three replicates per sample. End points varied by experiment and are described below, in figure legends, or in Results. Histopathological and immunohistochemical review of xenografts was conducted by pathologist (C.S., D.S.K., and J.T.H.) in a nonblinded fashion. Quantification of mitotic index, γ-H2AX, Ki67 and cleaved caspase 3 immunostaining, length of Comet tails, colony numbers, and BLI signals was blinded.

Reagents
--------

The source of antibodies, chemicals, plasmids, cell lines, and mouse strains used in this study are listed in table S1.

Cell culture
------------

All cell lines used in this study were regularly tested for mycoplasma contamination at the Antibody and Bioresource Core of MSKCC. Parental IHAs (a gift from R. O. Peiper, University of California, San Francisco) were infected with a viral vector carrying expression cassette for IDH1-R132H or the empty vector control ([@R10]). TS543 and TS603 are patient-derived GSCs ([@R43]--[@R45]) maintained in NeuroCult NS-A Proliferation media (no. 05751, STEMCELL Technologies). For intracranial injection, TS543 or TS603 was infected with pHIV-Luc-ZsGreen (a gift from B. Welm; no. 39196, Addgene) and fluorescence-activated cell sorting--sorted for top 10% ZsGreen expression. Two well-characterized patient-derived human ICC cell lines were obtained as follows: (i) SNU-1079 (endogenous R132C mutation in *IDH1*) was purchased from the Korean Cell Line Bank (Cancer Research Institute, Seoul National University, Seoul, Korea; <http://cellbank.snu.ac.kr>), and (ii) HUCCT1 was purchased from the RIKEN BioResource Research Center Cell Bank (Tsukuba, Japan; <https://en.brc.riken.jp/>). To generate HUCCT1 isogenic cells, the parental HUCCT1 cells were infected with pLNCX2 retroviruses expressing IDH1-R132H or the empty vector control ([@R7]). Olaparib (no. S1060) and veliparib (no. S1004) were purchased from Selleckchem. BGB-290 (no. C-1286) was purchased from Chemgood. For in vitro use, olaparib, veliparib, and BGB-290 were diluted with dimethyl sulfoxide (DMSO). For in vivo use, olaparib was diluted with DMSO as a stock and further diluted with 10% (w/v) 2-hydroxy-propyl-β-cyclodextrin (no. H107, Sigma-Aldrich). Veliparib and BGB-290 were diluted with DMSO and further diluted with phosphate-buffered saline (PBS). The final solutions were prepared fresh before each injection. For 2-HG treatment, Octyl-[d]{.smallcaps}-2-HG (no. 16366, Cayman Chemical, MI) was initially diluted into DMSO and further diluted with culture medium to achieve a final concentration of 1 mM.

Mice
----

All mouse experiments were approved by Institutional Animal Care and Use Committee at MSKCC strictly following its guidelines. Female nude mice (age 4 to 6 weeks) were purchased from Taconic Biosciences and maintained in the xenograft suite. *Nestin-TVA* mice were obtained from E. Holland (Fred Hutchinson).

Human pathology
---------------

All tumors were obtained following surgical resection at the MSKCC as part of routine clinical care in accordance with the Institutional Review Board policies at the MSKCC. Informed consent was obtained from all patients. Ten glioma (five wild-type and six mutant) and six cholangiocarcinoma (three wild-type and three mutant) samples were included in this study. The clinical determination, classification, and grouping were performed by pathologists at MSKCC and MD Anderson. For glioma patient samples, 10-μm sections of frozen tissues was directly fixed with 4% paraformaldehyde in PBS for 30 min, followed by staining procedures as described below in the "Immunofluorescent imaging" section. For cholangiocarcinoma patient samples, formalin-fixed paraffin-embedded (FFPE) sections were stained following antigen retrieval with boiling citrate buffer (10 mM) (pH 6), following procedures in the "Immunofluorescent imaging" section. After staining, the sections were scanned with Pannoramic 250 (3DHISTECH, Budapest, Hungary) using Zeiss 20×/0.8 numerical aperture objective. The scans were viewed and exported to .tif images using CaseViewer software (3DHISTECH, Budapest, Hungary). γ-H2AX positivity was quantified as H-score (1 × *A* + 2 *× B* + 3 × *C*), where *A* is the percentage of cells with no staining, *B* is the percentage of cells with weak to moderate staining, and *C* is the percentage of cells with strong staining. The quantification was performed by the Molecular Cytology Core, and the score determination was double checked by Y.W.

Clonogenic assays
-----------------

For soft agar colony formation assays, 50,000 cells were seeded in six-well plates containing 1% bottom layer and 0.5% top layer soft agar. Cells were then cultured in growth media with or without olaparib (1 μM) or veliparib (20 μM). Radiation dosing of 0, 1, 2, or 4 Gy was immediately applied after plating. The 1.5 ml of growth media covering the agar cultures was replenished every week. At day 21, colonies were fixed with 4% paraformaldehyde for 30 min and stained with 0.005% crystal violet in PBS overnight. Stained colonies were then washed extensively in PBS and water and quantified on a GelCount colony counter (Oxford Optronix).

Clonogenic assays were performed by plating cells in exponential growth phase at 125 to 1000 cells per 10-cm dish depending on the radiation dose level. Olaparib (4 μM) was added 24 hours after plating with IR (0 to 6 Gy) delivered 24 hours later. Colonies (\>50 cells) were counted with GelCount colony counter (Oxford Optronix) 10 to 14 days after IR by fixing and staining with a solution of 0.1% crystal violet in 4% paraformaldehyde in PBS. Surviving fraction was calculated by dividing colonies by cells plated with adjustment for plating efficiency.

Comet assays
------------

Comet assays were performed using OxiSelect Comet Assay Kit (STA-350, Cell Biolabs) according to the manufacturer's instruction. Briefly, cells were mixed with agarose, dropped onto the glass slides provided by the kit, and lysed with prechilled lysis buffer for 60 min at 4°C in the dark. The electrophoresis was performed with prechilled tris-borate EDTA buffer, followed by five times washes with ddH~2~O. The slides were then incubated in cold 70% ethanol for 5 min and air-dried. Representative pictures were taken with a wide-field microscope with fluorescein isothiocyanate channel (Nikon) and analyzed with OpenComet plug-in in ImageJ ([@R46]).

Immunofluorescent imaging
-------------------------

Cells were grown in chamber slides (Nunc Lab-Tek II, cat no. 154526, Thermo Fisher Scientific) before fixation (4% paraformaldehyde in PBS for 10 min) and permeabilization (0.5% Tween 20 and 0.2% Triton X-100 in PBS for 10 min). Cells were blocked with goat serum (Sigma-Aldrich) for 4 hours at room temperature and incubated with γ-H2AX antibody (1:500; no. 05-636, Millipore) overnight at 4°C and secondary antibody (1:2000; goat anti-mouse Alexa Fluor 488 or Alexa Fluor 568) for 2 hours. The slides were mounted with coverslips using ProLong Gold antifade reagent and 4′,6-diamidino-2-phenylindole counterstain (Invitrogen).

Bioluminescent imaging
----------------------

BLI was performed weekly following intraperitoneal injection of [d]{.smallcaps}-luciferin (PerkinElmer) and measured using Xenogen IVIS Spectrum in vivo imaging system (PerkinElmer). Living Image software (PerkinElmer) was used to acquire and analyze the BLI data.

Magnetic resonance imaging
--------------------------

Brains of injected mice were scanned on a 200-MHz Bruker 4.7 T Biospec MRI scanner (Bruker Biospin Corp., Ettlingen, Germany) and equipped with a 300-mT/m ID 20-cm gradient (Resonance Research Inc., Billerica, MA). Mice were anaesthetized by 2% isoflurane in oxygen. Sedated animals were physiologically monitored during scan period (SA Instruments Inc., Stony Brook, NY). For mouse brain imaging, brain axial T2-weighted images using fast spin-echo RARE (Rapid Acquisition with Relaxation Enhancement) sequence were acquired by sequential scanning with a slice thickness of 1 mm.

Xenograft of GSC
----------------

TS543 or TS603 cells expressing pHIV-Luc-ZsGreen (described above) were implanted into the brain of nude mice (5 × 10^5^ cells per brain), with a fixed stereotactic device (Stoelting, Illinois). Injections were made to the right frontal cortex, 3-mm lateral and 3-mm caudal, and at a depth of 3 mm with respect to bregma. Two weeks after the implantation, the tumor growth is monitored by BLI and MRI once every week, respectively. Tumors over the BLI threshold were correlated with MRI signal for confirmation of location and actual volume. The mice with confirmed tumors enter a randomized trial consists of the following: (i) vehicle; (ii) intraperitoneal injection of veliparib (25 mg/kg, 5 days per week); (iii) RT (2 Gy × 5 fractions), delivered to the whole head using an X-RAD 320 Irradiation Platform (Precision X-Ray Inc., North Branford, CT; [www.pxinc.com](http://www.pxinc.com)) in combination with a QUAD Fixture and Shield Set specifically designed with lead shielding of the body to allow for cranial irradiation (Precision X-Ray Inc., Connecticut); and (iv) RT + veliparib (concurrent treatment for the initial 5 days and then veliparib injection 5 days per week). The BLI signals were continuingly followed up weekly until defined end of trial (death). For pathological analyses, three mice of each group were sacrificed at day 6 after the initial trial start, and the brains were collected and subjected to standard FFPE processing.

Genetically engineered glioma mouse model by RCAS viral gene transfer
---------------------------------------------------------------------

*Nestin*-*TVA* mice were a gift from E. Holland (Fred Hutchinson, Seattle, WA) ([@R47]). RCAS vectors carrying expression cassette for platelet-derived growth factor A (PDGFA), IDH1wt-shTP53, and IDH1R132H-shTP53 were gifts from E. Holland ([@R35]). RCAS viral vectors were introduced into DF1 cells separately, and the expression of PDGFA, IDH1wt, and IDH1-R132H was verified by Western blots. Cells expressing PDGFA were mixed with cells expressing IDH1wt-shTP53 or IDH1R132H-shTP53 at a ratio of 1:1 (3 × 10^5^ total) and intracranially injected as described above. Mice received MRI at week 5 after the initial injection, and the tumors were randomized on the basis of size so that tumors of different sizes are equally distributed across groups: (i) vehicle; (ii) intraperitoneal injection of veliparib (25 mg/kg, 5 days per week) or BGB-290 (6 mg/kg, 5 days per week); (iii) RT (2 Gy × 5 days), delivered to the whole head using X-RAD 320 Irradiation Platform; and (iv) RT + veliparib or BGB-290 (concurrent treatment with RT delivered 1 hour after veliparib/BGB-290 injection for the initial 5 days and then veliparib/BGB-290 injection 5 days per week). The MRI signals were followed weekly until defined end of trial (death). For pathological analyses, three mice from each group were sacrificed at day 6 after the initial trial start, and the brains were collected and subjected to standard FFPE processing.

ICC xenograft
-------------

HUCCT1 cells expressing IDH1R132H or the empty vector control were harvested at exponentially proliferative stage and mixed 1:1 (v/v) with Matrigel (no. 356231, Corning). A total of 5 × 10^6^ cells were injected into nude mice flanks in a 100-μl volume. The size of tumors was measured with caliber and calculated using the formula (*l* × *w*^2^)/2, where *w* is width and *l* is length in millimeters. Tumors that reached threshold (100 mm^3^) were randomized to the following: (i) vehicle; (ii) intraperitoneal injection of olaparib (50 mg/kg, 5 days per week); (iii) RT (2 Gy × 5 days), delivered to the posterior through the X-RAD 320 Irradiation Platform; and (iv) RT + olaparib (concurrent treatment for the initial 5 days and then olaparib injection 5 days per week). The tumor volume was continuingly measured twice a week until the defined end of trial (400 mm^3^). For pathological analyses, three mice of each group were sacrificed at day 6 after the initial trial start, and the xenograft tumors were collected and subjected to standard FFPE processing.

Statistical analysis
--------------------

Statistical analysis was performed using GraphPad Prism 7. Where applicable, *P* value was determined by unpaired, two-tailed *t* tests, if not otherwise specified. Difference of tumor growth curves was determined by two-way analysis of variance (ANOVA). Log-rank (Mantel-Cox) test were used to determine the significance of differences in Kaplan-Meier analysis of GSC xenograft, RCAS-induced gliomas, and ICC hind flank xenograft experiments. Unless otherwise stated, all results, representing at least three independent experiments, were plotted as means ± SEM. *P* values are represented either directly on figures or using \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, and \*\*\*\**P* \< 0.0001.
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